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neurotrophic factor signalling pathway
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BACKGROUND AND PURPOSE
Depression is a neuropsychiatric disorder accompanied by a decrease in the brain-derived neurotrophic factor (BDNF) signalling
cascade in the hippocampus. Fenofibrate is a selective agonist of PPAR-α. In this study, we investigated the antidepressant-like
effects of fenofibrate in C57BL/6J mice.

EXPERIMENTAL APPROACH
The antidepressant-like effects of fenofibrate were first identified in the forced swim test (FST) and tail suspension test (TST), and
then assessed in the chronic social defeat stress (CSDS) model. The changes in the hippocampal BDNF signalling pathway and
adult hippocampal neurogenesis after CSDS and fenofibrate treatment were further investigated. A PPAR-α inhibitor, cannabinoid
system inhibitors and BDNF signalling inhibitors were also used to determine the antidepressant mechanisms of fenofibrate.

KEY RESULTS
Fenofibrate administration exhibited antidepressant-like effects in the FST and TST without affecting the locomotor activity of
mice. Chronic fenofibrate treatment also prevented the depressive-like symptoms induced by CSDS. Moreover, fenofibrate re-
stored the CSDS-induced decrease in the hippocampal BDNF signalling cascade and adult hippocampal neurogenesis. The
antidepressant-like effects of fenofibrate could be blocked by a PPAR-α inhibitor and BDNF signalling inhibitors.

CONCLUSIONS AND IMPLICATIONS
Taken together, these results suggest that fenofibrate has antidepressant-like effects mediated through the promotion of the
hippocampal BDNF signalling cascade.

Abbreviations
BDNF, brain-derived neurotrophic factor; BrdU, 5-bromo-2-deoxyuridine; CREB, cAMP response element-binding protein;
CSDS, chronic social defeat stress; DCX, doublecortin; DG, dentate gyrus; FST, forced swim test; mPFC, medial prefrontal
cortex; NAc, nucleus accumbens; TrkB, tyrosine kinase B; TST, tail suspension test
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Introduction
Depression is a highly debilitating and life-threatening men-
tal disorder that occurs in about 17% of the general popula-
tion, and causes huge costs to society (Blazer et al., 1994). In
the past few decades, the monoamine hypothesis has been
the most widely investigated aetiology of depression, and al-
most all available antidepressants depend on enhancing the
levels of monoamine neurotransmitters (Berton and Nestler,
2006b). However, current antidepressants are only effective
in about one-third of patients, and sometimes have serious
side effects (McGrath et al., 2006). Thus, more reliable antide-
pressants with fewer side effects need to be developed.

Recently, in a leading hypothesis it was suggested that the
brain-derived neurotrophic factor (BDNF) signalling pathway
plays a critical role in the pathophysiology of depression
(Shelton, 2007; Krishnan and Nestler, 2008). BDNF induces
the phosphorylation and activation of cAMP response
element-binding protein (CREB) by combining the tyrosine
kinase B (TrkB) receptor and then promoting the downstream
MAPK-ERK and PI3K-Akt signalling pathways (Shaywitz and
Greenberg, 1999; Lim et al., 2008). Previous studies have al-
ready demonstrated that the level of activity of the BDNF sig-
nalling pathway is decreased in the hippocampus of stressed
mice, while these pathological changes can be reversed by an-
tidepressants, like fluoxetine (Blendy, 2006; Castren and
Rantamaki, 2010; Razzoli et al., 2011). Heterogeneous BDNF
knockout mice show depressive-like behaviour in the forced
swim test (FST) and tail suspension test (TST), while the ad-
ministration of BDNF/CREB into the hippocampus produces
antidepressant-like effects in animals (Chen et al., 2001;
Shirayama et al., 2002; Hoshaw et al., 2005; Gass and Riva,
2007; Advani et al., 2009).

Fenofibrate is a fibric acid derivative used in the treatment
of primary hypercholesterolaemia, mixed dyslipidaemia and
hypertriglyceridaemia in adults (Keating and Croom, 2007).
Recently, more and more fenofibrate-induced pharmacologi-
cal effects on the CNS are being reported, such as its neuro-
protective effects against Parkinson’s disease, its ability to
preserve adult hippocampal neurogenesis and prevent the
memory impairments in rats following global cerebral ischae-
mia (Ramanan et al., 2009; Barbiero et al., 2014; Ouk et al.,
2014). Fenofibrate is also a selective agonist of PPAR-α, one

of the three subtypes of the nuclear receptor PPAR family.
We previously reported thatWY14643, another selective ago-
nist of PPAR-α, produced antidepressant-like effects in mice
by activating the BDNF signalling pathway (Jiang et al.,
2015b). We thus assumed that fenofibrate may also have
antidepressant-like effects. In this study, we investigated the
antidepressant-like effects of fenofibrate using various
methods, including the FST, TST and chronic social defeat
stress (CSDS) model. Furthermore, the molecular mecha-
nisms of these effects were explored.

Methods

Animals
Adult male C57BL/6J mice (8 weeks old) and male CD1 mice
(50 weeks old) were obtained from the Experimental Animal
Centre of Medical College, Nantong University. Before being
used, mice were housed under standard conditions (12 h
light/dark cycle; lights on from 07:00 to 19:00; 23 � 1°C am-
bient temperature; 55 � 10% relative humidity) for 1 week
with free access to food and water. Each experimental group
consisted of 12 mice. Behavioural experiments were carried
out during the light phase. The experiment procedures
involving animals and their care were approved by the
Institutional Animal Care and Use Committee, Nantong
University, and conducted in compliance with the National
Institutes of Health Guide for Care and Use of Laboratory
Animals and with the European Communities Council
Directive of 24 November 1986 (86/609/EEC). Animal studies
are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015).

Intracerebroventricular infusions
The chicken anti-BDNF antibody from Promega has been
shown to neutralize and be specific for BDNF (Braun et al.,
2004; Chen et al., 2005; Zhu et al., 2010; Shichinohe et al.,
2015). In brief, C57BL/6J mice were anaesthetized with pen-
tobarbital sodium (50 mg·kg�1, i.p.) and placed in a stereo-
taxic frame, with the anaesthetizing effects evaluated by
muscle relaxation, slow corneal reflex, and no skin pinch re-
action. The cannulas were implanted into the left lateral
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brain ventricle (�0.2 mm anterior and 1.0 mm lateral relative
to the bregma and 2.3 mm below the surface of the skull)
(Kleinridders et al., 2009). The cannula was cemented in
place, and the incision was sutured. The animals were
allowed to recover for 3 days. Osmotic minipumps were de-
signed to deliver 0.3 μL·min�1 of K252a/GW6471/
rimonabant/AM630/ACSF with 1% DMSO/chicken anti-
BDNF antibody/chicken IgY/ACSF (final volume, 3 μL per
mouse) daily for 3 or 14 days. Each osmotic minipumpwas at-
tached to a brain infusion cannula.

Forced swim test
The FST test was performed according to previously reported
methods (Porsolt et al., 1977; Yan et al., 2010), and separate
groups of C57BL/6J mice were used for this test. In brief,
30 min after a single injection, mice were individually placed
in a glass cylinder (height 45 cm, diameter 20 cm) filled with
25°C water to a depth of 15 cm. The duration of immobility
was recorded during the last 4 of the 6 min test period by an
investigator blind to the treatment, and the water was re-
placed after each trial. The immobility time was measured
when the mice are floating in the water without struggling
and only making movements necessary to keep their heads
above the water.

Tail suspension test
The TST test was performed according to previously reported
methods (Steru et al., 1985; Sarkisyan et al., 2010), and sepa-
rate groups of C57BL/6J mice were used for this test. In brief,
30 min after a single injection, mice were suspended 60 cm
above the floor by adhesive tape placed approximately 1 cm
from the tip of the tail. The duration of immobility was
recorded for a 6 min period by an investigator blind to the
treatment. Mice were considered immobile only when they
hung passively and were completely motionless; any mice
that did climb were removed from the experimental analysis.

Open field test
Spontaneous locomotor activity of mice was measured in the
open field paradigm (Covington et al., 2009; Muller et al.,
2009; Cui et al., 2012), and separate groups of animals were
used for this test. C57BL/6J mice were placed individually in
an open field apparatus (height 40 cm, width 100 cm, length
100 cm) with the floor divided into 25 equal areas
(20 × 20 cm). The apparatus was illuminated with a red bulb
(50 W) on the ceiling. For open field observations, each
mouse was placed in the central area 30 min after a single
injection. The squares each mouse crossed were counted over
a 5 min period under dim light conditions by an investigator
blind to the treatment. The open field apparatus was thor-
oughly cleaned after each trial.

Chronic social defeat stress, social interaction
and sucrose preference experiments
Adult male C57BL/6J mice were the subjects, and CD1 retired
breeders were the aggressors. Social defeat stress was per-
formed as described by us previously (Jiang et al., 2015a,b,c).
In brief, each C57BL/6J mouse was exposed to a different
CD1 aggressor mouse each day for up to 10 min over a total
of 10 days. After the contact, C57BL/6J mice were separated

from CD1 aggressors by plastic dividers with holes during
the next 24 h. To minimize the harm and avoid any physical
wounds, plastic dividers were set when C57BL/6J mice
displayed submissive behaviour; this included immobility,
crouching, trembling, fleeing and an upright posture (usually
8–10 min was required in this study). Undefeated control
mice were handled daily. The day after the last stress (Day 11),
all the defeated mice were housed individually and received
daily injections of fenofibrate/fluoxetine/vehicle for 14 days.
Control mice were also given the vehicle.

On Day 25, the social interaction test was performed. The
social interaction test comprises two trials of 5 min for each.
In the first trial (‘target absent’), each mouse was placed into
an open-field apparatus and allowed to explore a plastic
enclosure placed within the predefined interaction zone. In
the second trial (‘target present’), each mouse was returned
to the open-field arena containing a plastic enclosure now
holding an unfamiliar CD1 mouse. The amount of time in
the interaction zone was obtained using Ethovision XT
(Noldus, USA) software (in s). The open-field apparatus was
cleaned after each trial to remove olfactory cues.

On Day 26, the sucrose preference test was performed.
The test mice were given the choice of drinking from two bot-
tles in individual cages, one contained 1% sucrose solution
and the other water. All the mice were acclimatized for 2 days
to two-bottle choice conditions, and the positions of the two
bottles were changed every 6 h to prevent the possible effects
of side preference in drinking behaviour. Then the test mice
were deprived of water and food for 18 h. On Day 29, each
mouse was exposed to pre-weighed bottles for 6 h with their
positions interchanged. The sucrose preference was calcu-
lated as a percentage of the sucrose solution consumed rela-
tive to the total amount of liquid taken in.

Western blotting experiments
Animals were killed the day after the sucrose preference test.
To extract the total proteins, tissues were rapidly dissected
and homogenized in lyses buffer [50 mM Tris–HCl, pH 7.4;
1 mM EDTA; 100 mM NaCl; 20 mM NaF; 3 mM Na3VO4;
1 mM PMSF with 1% (v.v-1) Nonidet P-40; and protease inhib-
itor cocktail], and then kept on ice for 30 min (Meng et al.,
2015; Xu et al., 2015; Yao et al., 2015). The lysates were centri-
fuged at 12 000 × g for 15 min, and the supernatants were har-
vested. After denaturation, 30 μg of protein samples were
separated by 10% SDS/PAGE gel and then transferred to ni-
trocellulose membranes (Bio-Rad, Hercules, CA, USA). After
being blocked with 5% non-fat dried milk powder/Tris-
buffered saline Tween-20 (TBST) for 1 h, membranes were in-
cubated overnight at 4°C with primary antibodies to BDNF
(1:500; Abcam, UK), CREB (1:500; Cell Signalling, MA,
USA), phospho-CREB-Ser133 (pCREB; 1:500; Cell Signalling,
MA, USA), ERK1/2 (1:1000; Cell Signalling, MA, USA),
phospho-ERK1/2 (1:500; Cell Signalling, MA, USA), Akt
(1:500; Cell Signalling, MA, USA), phospho-Akt (pAkt;
1:500; Cell Signalling, MA, USA) or β-actin (1:5000; Santa
Cruz, CA, USA). Then the membranes were washed three
times in TBST. The membranes were further incubated for
2 h at room temperature with IRDye 680-labelled secondary
antibodies (1:10000). Finally immunoblots were visualized by
scanning using the Odyssey CLx western blot detection system.
The optical density of the bands was determined using
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Optiquant software (Packard Instruments BV, Groningen,
Netherlands).

Immunohistochemical studies
For hippocampal doublecortin (DCX) staining, animals were
deeply anaesthetized with pentobarbital sodium and per-
fused transcardially with 4% paraformaldehyde in 0.01 M
phposphate buffer 24 h after the sucrose preference test.
The brains were removed and postfixed for 24 h, then
dehydrated with 30% sucrose solution. After that, coronal
brain sections of hippocampus were cut at 25 μmwith a freez-
ing microtome (CM1900, Leica Microsystems, Wetzlar,
Germany) and collected serially. The sections were sequen-
tially treated with 0.3% Triton X-100 in 0.01 M PBS for
30 min and 3% BSA in 0.01 M PBS for another 30 min. Then
the sections were incubated with diluted rabbit anti-DCX an-
tibody (1:100; Cell Signalling, MA, USA) overnight at 4°C.
The sections were subsequently washed in 0.01M PBS and ex-
posed to FITC-labelled horse anti-rabbit IgG (1:50; Pierce,
Rockford, IL, USA) for 1 h. After that, the sections were
washed again and mounted on slides following dehydration,
and coverslipped. Sections were visualized with confocal laser
scanning system (FV500; Olympus, Tokyo, Japan). Examina-
tion of the DCX-positive (DCX+) cells were confined to the
dentate gyrus (DG), in particular the granule cell layer
(GCL), including the subgranular zone (SGZ) of hippocampus
that defined as a two-cell body-wide zone along the border be-
tween the GCL and the hilus. Quantifications of the DCX+

cells were respectively conducted from 1-in-6 series of hippo-
campal sections spaced at 150 μm and spanning the
rostrocaudal region of the DG bilaterally. Every DCX+ cell
within the GCL and SGZ was counted.

For NeuN+/BrdU+ double labelling, animals were injected
with BrdU (4 × 75mg·kg�1 at 2 h intervals day�1) for 2 days af-
ter the sucrose preference test. After 28 days, mice were killed
and brain sections were then created. DNA denaturation was
conducted by incubation in 50% formamide/2 × SSC at 65°C
for 2 h, followed by 30 min incubation in 2 N HCl at 37°C,
and rinsing in 0.1Mboric acid buffer (pH 8.5) at room temper-
ature. After DNA denaturation, the sections were treated with
0.3% Triton X-100 in 0.01 M PBS for 30 min and 3% BSA in
0.01 M PBS for another 1 h, and then incubated with mouse
monoclonal anti-BrdU (2μg·mL�1, Roche) and rabbit monoclo-
nal anti-NeuN (1:500; Abcam,Cambridge,UK) overnight at 4°C.
After being washed, FITC-conjugated horse anti-rabbit IgG and
rhodamine-conjugated goat anti-mouse IgG (1:50; Pierce, Rock-
ford, IL, USA)were applied for 1 h at room temperature. Sections
were then washed in 0.01M PBS andmounted on slides follow-
ing dehydration, and coverslipped. Examination of the NeuN+/
BrdU+ co-labelling cells was confined to theDG.Quantifications
of the NeuN+/BrdU+ cells were respectively conducted from
1-in-6 series of hippocampal sections spaced at 150 μm and
spanning the rostrocaudal region of the DG bilaterally. Every
NeuN+/BrdU+ cell within the GCL and SGZ was counted.

Statistical analysis
All analyses were performed using SPSS 13.0 software (SPSS
Inc., USA), and data are presented asmean� SEM. Differences
between mean values were evaluated using one-way ANOVA
or two-way ANOVA, as appropriate. For all one-way ANOVAs,
post hoc tests were performed using LSD test. For all two-way

ANOVAs, Bonferroni post hoc tests were used to assess isolated
comparisons. P< 0.05 was considered statistically significant.
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015).

Materials
Fenofibrate, 5-bromo-2-deoxyuridine (BrdU) and fluoxetine
were purchased from Sigma (St. Louis, MO, USA). K252a was
purchased from Alomone Laboratories (Jerusalem, Israel).
GW6471, rimonabant and AM630 were purchased from
Tocris Bioscience (Bristol, UK). Chicken anti-BDNF neutraliz-
ing anti-body and chicken IgY control Ig were purchased
from Promega (Madison, USA). Fenofibrate and fluoxetine
were dissolved in 5% dextrose (pH 7.0) with 2.5% DMSO
and 10% Cremaphor EL. BrdU was dissolved in saline.
K252a, GW471, rimonabant and AM630 were dissolved in
ACSF with 1% DMSO. Chicken anti-BDNF neutralizing anti-
body and chicken IgY control Ig were dissolved in ACSF.
The dosages of fenofibrate (50, 100 mg·kg�1), fluoxetine
(20mg·kg�1), BrdU (75 mg·kg�1), K252a (50 ng per mouse),
GW6471 (2 μg per mouse), rimonabant (30 μg per mouse),
AM630 (10 μg per mouse) and anti-BDNF neutralizing anti-
body (60 ng per mouse) were chosen based on previous re-
ports (Niculescu et al., 2008; Hough et al., 2009; Fang et al.,
2012; Jiang et al., 2012, 2013, 2015a; Citraro et al., 2013;
Barbiero et al., 2014). Fenofibrate, fluoxetine and BrdU were
administered i.p. in a volume of 10 mL·kg�1. K252a,
GW6471, rimonabant, AM630, chicken anti-BDNF neutraliz-
ing antibody and chicken IgY control Ig were infused i.c.v.

Results

Antidepressant-like effects of fenofibrate in the
FSTand TST
The possible antidepressant-like effects of fenofibrate were
first examined in the FST, a most widely used behavioural as-
say for detecting potential antidepressant-like activities
(Cryan and Holmes, 2005; Cryan and Slattery, 2007).
Fenofibrate was injected i.p., with fluoxetine used as the pos-
itive control. It was found that a single injection of
fenofibrate produced a significant antidepressant-like effect
in the FST (Figure 1A). Data were subjected to one-way
ANOVA with drug treatment as the factor, and a significant
main effect of drug treatment was revealed [F(3,
44) = 11.598]. Further analysis indicated that compared with
the vehicle group, 100 mg·kg�1 fenofibrate treatment in-
duced a 31.1 � 3.6% decrease of immobility time in the FST
(n = 12, P < 0.05 vs. vehicle; Figure 1A). Similarly, fluoxetine
treatment also decreased the immobility time, as expected
(n = 12, P < 0.05 vs. vehicle; Figure 1A).

Then the antidepressant-like effects of fenofibrate were
also assessed in the TST, another rapid and reliable method
for screening antidepressants (Cryan and Holmes, 2005;
Cryan and Slattery, 2007). Similar to the results of FST,
fenofibrate treatment robustly decreased the immobility of
mice in the TST, compared with the vehicle group
(n = 11–12, P < 0.05 vs. vehicle; Figure 1B). The magnitude
of the 100 mg·kg�1 fenofibrate-induced anti-immobility ef-
fect was comparable with that of 20 mg·kg�1

fluoxetine. A
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significant main effect of drug treatment [F(3, 42) = 13.544,
P < 0.05] was also found.

To exclude the possible effects of fenofibrate on spontane-
ous locomotor activity that may contribute to immobility in
the FST and TST (Bourin et al., 2001), naive mice treated with
fenofibrate were exposed to the open-field test. There were no
significant differences found in the number of squares an ani-
mal crossed in the centre area or the periphery area between
all the groups (n = 12, Figure 1C), and ANOVA revealed no ef-
fects for drug treatment [F(3, 44) = 0.518, P = 0.673]. These data
indicate that fenofibratemay have antidepressant-like activities.

Chronic fenofibrate treatment restores the
CSDS-induced depressive-like symptoms
We further investigated the antidepressant-like effects of
fenofibrate in the CSDS model (Berton et al., 2006a). The social
interaction test and sucrose preference test were performed. As

shown in Figure 2B, while all the test mice spent a similar
amount of time in the interaction zone when the CD1 mouse
was absent, CSDS-defeated mice spent about 64.1 � 4.5% less
time in the interaction zone than vehicle-treated mice when
the CD1 mouse was present (n = 12, P < 0.05 vs. vehicle), in
accordance with previous reports (Tsankova et al., 2006).
Interestingly, 14 days of treatment with fenofibrate fully
reversed the CSDS-induced decrease in social interaction,
especially at 100 mg·kg�1 (n = 12, P < 0.05 vs. CSDS + vehicle),
similar to fluoxetine. Two-way ANOVA analysis revealed a
significant interaction [F(3, 88) = 12.336] with significant effects
for CSDS [F(1, 88) = 28.426] and drug treatment [F(3, 88) = 5.46].
Fenofibrate produced no significant effects on the social interac-
tion of naive mice (n = 12).

Figure 2A illustrates the sucrose preference data. Two-way
ANOVA reported a significant interaction [F(3, 88) = 8.862]
with significant effects for CSDS [F(1, 88) = 37.412] and drug
treatment [F(3, 88) = 4.27]. Chronic stress produced a

Figure 1
Fenofibrate produces antidepressant-like effects in the FST and TST tests. C57BL/6J mice were injected i.p. with a single dose of vehicle (Control),
fluoxetine (20 mg·kg�1), or fenofibrate (50, 100 mg·kg�1). The behavioural tests were conducted 30 min after the injection. The vehicle refers to
5% dextrose (pH 7.0) with 2.5% DMSO and 10% Cremaphor EL (i.p.). (A) Fenofibrate significantly decreased the immobility time of C57BL/6J
mice in the FST test. (B) Fenofibrate significantly decreased the immobility time of C57BL/6J mice in the TST test. (C) Fenofibrate treatment pro-
duced no effects on spontaneous locomotor activity of mice in the open-field test. The data are expressed as mean � SEM (n = 11–12); *P < 0.05.
Comparisons were made by one-way ANOVA followed by post hoc LSD test.
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43.5 � 4.1% decrease in the sucrose preference of C57BL/6J
mice compared with the vehicle group (n = 12, P< 0.05 vs. ve-
hicle), and this change was fully restored by chronic
fenofibrate treatment (n = 12, P < 0.05 vs. CSDS + vehicle).
Statistical analysis further revealed that the sucrose consump-
tion was increased by 29 � 3.4% and 60.4 � 5.8% with ad-
ministration of 50 and 100 mg·kg�1 fenofibrate respectively.
Fenofibrate also had no significant effects on the sucrose pref-
erence of naive mice (n = 12). Together, these data suggest
that fenofibrate has antidepressant-like effects.

Chronic fenofibrate treatment reverses the
CSDS-induced decrease in adult hippocampal
neurogenesis
It is known that chronic stress induces not only depressive-
like behaviour but also decreased neuronal proliferation and

differentiation in the DG of hippocampus (Lagace et al.,
2010). Furthermore, adult hippocampal neurogenesis is also
required for the effects of common antidepressants, like flu-
oxetine (Santarelli et al., 2003). We thus examined whether
fenofibrate treatment can prevent the CSDS-induced effects
on adult hippocampal neurogenesis. In this study, neuronal
proliferation was studied by DCX immunohistochemistry in
the DG region, as previously described by us (Jiang et al.,
2012). As shown in Figure 3A, CSDS induced a 52.9� 4.4% re-
duction in the number of DCX+ cells in the DG (n = 5,
P < 0.05 vs. vehicle), while 100 mg·kg�1 fenofibrate treat-
ment completely restored this change (n = 5, P < 0.05 vs.
CSDS + vehicle), similar to fluoxetine. ANOVA indicated a
significant difference between groups [F(4, 20) = 18.876].

Newly generated cells in the DG differentiate into mature
neurons within 28 days after their birth (Kempermann et al.,
2003). To determine whether the fenofibrate-induced

Figure 2
Fenofibrate has antidepressant-like effects in the CSDS model. CSDS-stressed mice received daily injections of vehicle, fluoxetine (20 mg·kg�1), or
fenofibrate (50, 100 mg·kg�1) for 14 days, behavioural tests were then conducted. The vehicle refers to 5% dextrose (pH 7.0) with 2.5% DMSO
and 10% Cremaphor EL (i.p.). (A) The antidepressant-like effects of fenofibrate in the sucrose preference test. CSDS + fenofibrate mice displayed
significantly higher sucrose preference than CSDS + vehicle mice. (B) The antidepressant-like effects of fenofibrate in the social interaction test.
CSDS + fenofibrate mice spent significantly more time engaged in social interaction than CSDS + vehicle mice. Data are expressed as means� SEM
(n = 12); *P < 0.05. Comparisons were made by two-way ANOVA followed by post hoc Bonferroni’s test.
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newborn cells differentiated into mature neurons, BrdU was
administrated to label the proliferating cells, and neuronal
nuclei (NeuN) was employed as a marker for the mature

neurons. As shown in Figure 3B, CSDS resulted in a
54.8 � 5.2% reduction in the number of NeuN+/BrdU+ co-
labelled cells in the DG (n = 5, P < 0.05 vs. vehicle), while this

Figure 3
Fenofibrate administration restores the decreased adult hippocampal neurogenesis caused by CSDS stress. (A) Representative confocal microscopic im-
ages showing the localization of doublecortin (DCX; green) in the dentate gyrus (DG). The scale bar is 150 μm for representative images and 50 μm for
enlarged images respectively. Density statistics showed that chronic fenofibrate treatment significantly increased the number of DCX-stained cells in the
DGof stressedmice. (B) Representativemicroscopic images showed the co-staining (yellow) of neuronal nuclei (NeuN) (green) and BrdU (red) in theDG.
The majority of BrdU+ cells are doubly labelled with the neuronal marker NeuN and located within the granule cell layer. The scale bar is 75 μm. Density
statistics showed that fenofibrate treatment fully reversed the CSDS-induced decrease in the number of NeuN+/BrdU+ cells in the DG. Data are expressed
as means � SEM (n = 5); *P < 0.05. Comparisons were made by one-way ANOVA followed by post hoc LSD test.
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change was fully reversed by 100 mg·kg�1 fenofibrate (n = 5,
P < 0.05 vs. CSDS + vehicle). ANOVA revealed a significant
difference between groups [F(4, 20) = 21.546]. These data in-
dicate that fenofibrate has protective effects on adult hippo-
campal neurogenesis.

The CSDS-induced decrease in the hippocampal
BDNF signalling pathway is reversed by
fenofibrate
To investigate the possible mechanisms underlying the
antidepressant-like and neurogenic effects of fenofibrate, we
examined the expression of BDNF, which is critical for adult
hippocampal neurogenesis and is also closely involved in
the pathogenesis of depression (Gourley et al., 2008; Lee
and Son, 2009; Castren and Rantamaki, 2010). Therefore,
western blotting experiments were performed to measure
the hippocampal BDNF expression following CSDS and
fenofibrate treatment, and β-actin was selected as the internal
control. Figure 4A shows that the BDNF level was signifi-
cantly decreased in the hippocampus of mice exposed to
CSDS compared with unstressed mice (n = 5, P < 0.05 vs. ve-
hicle), while chronic fenofibrate treatment enhanced the
BDNF expression by 44.7 � 6.2% and 95.8 � 7.4% at dosages
of 50 and 100 mg·kg�1 respectively (n = 5, P< 0.05 vs. CSDS +
vehicle). ANOVA indicated a significant difference between
groups [F(4, 20) = 11.702]. Next, we examined the down-
stream signalling pathway molecules of BDNF: the activated
(and phosphorylated) forms of ERK1/2 (pERK1/2), Akt (pAkt)
and CREB (pCREB) (Lim et al., 2008). As shown in Figure 4A,
chronic fenofibrate administration significantly reversed the
CSDS-induced decrease in the hippocampal pERK1/2
[ANOVA: F(4, 20) = 6.232], pAkt [ANOVA: F(4, 20) = 9.413]
and pCREB [ANOVA: F(4, 20) = 19.475] expression (n = 5,
P < 0.05 vs. CSDS). In contrast, the total ERK1/2, Akt and
CREB levels were unchanged among all the groups.

Other brain regions, especially the medial prefrontal cor-
tex (mPFC) and nucleus accumbens (NAc), are also impli-
cated in depression (Di Chiara et al., 1999; Li et al., 2010).
Previous reports showed that chronic stress reduced the ex-
pression of BDNF and pCREB in the mPFC (Gourley et al.,
2008; Castren and Rantamaki, 2010), while the expression
of BDNF and pCREB were enhanced in the NAc (Eisch et al.,
2003; Krishnan et al., 2007). However, it was found that
fenofibrate treatment could not restore the stress-induced
changes in the BDNF signalling pathway in the two regions
(Figure 4B and C). Collectively, these results indicate that
the hippocampal BDNF signalling cascade may be involved
in the antidepressant-like effects of fenofibrate.

The antidepressant-like effects of fenofibrate
require central PPAR-α
To explore whether PPAR-α is required for the antidepressant-
like effects of fenofibrate, the selective PPAR-α inhibitor
GW6471 was used. Mice were first daily infused with
GW6471 for 3 days, then injected with fenofibrate
(100mg·kg�1), and followed by the FST. Figure 5A shows that
GW6471 pretreatment fully blocked the effects of fenofibrate
in the FST (n = 12), and ANOVA showed a significant interac-
tion [F(1, 44) = 10.669] with significant effects for GW6471
[F(1, 44) = 5.439] and fenofibrate [F(1, 44) = 12.842].

Similarly, GW6471 pretreatment also prevented the effects
of fenofibrate in the TST (n = 11–12, Figure 5B), and ANOVA
revealed a significant interaction [F(1, 43) = 9.305] with sig-
nificant effects for GW6471 [F(1, 43) = 6.817] and fenofibrate
[F(1, 43) = 16.036]. GW6471 alone produced no effects in the
FST or TST (n = 12), and the open field test results showed that
mice in all the groups had equal locomotor activity (n = 12,
Figure 5C). Moreover, CSDS-stressed mice were co-treated
with fenofibrate (100 mg·kg�1) and GW6471 for 14 days,
and followed by behavioural tests. Figure 5E and D showed
that GW6471 significantly blocked the effects of fenofibrate
in the social interaction test [ANOVA: fenofibrate, F(1,
44) = 25.228; GW6471, F(1, 44) = 20.014; interaction, F(1,
44) = 32.426; n = 12] and sucrose preference test [ANOVA:
fenofibrate, F(1, 44) = 15.537; GW6471, F(1, 44) = 8.375; in-
teraction, F(1, 44) = 11.906; n = 12] respectively.

Furthermore, the usage of GW6471 also blocked the ef-
fects of fenofibrate on the hippocampal BDNF signalling
pathway, as fenofibrate + GW6471 + CSDS mice had signifi-
cantly less BDNF [ANOVA: fenofibrate, F(1, 16) = 13.065;
GW6471, F(1, 16) = 6.223; interaction, F(1, 16) = 10.847]
and pCREB [ANOVA: fenofibrate, F(1, 16) = 12.616;
GW6471, F(1, 16) = 7.144; interaction, F(1, 16) = 14.107] ex-
pression in the hippocampus than fenofibrate + CSDS mice
(n = 5, Figure 6). Together, the antidepressant-like effects of
fenofibrate require PPAR-α in the brain.

The antidepressant-like effects of fenofibrate do
not require the cannabinoid system
Recent studies have shown that in addition to PPAR-α,
fenofibrate is also an agonist of the cannabinoid receptors
(Nickolls et al., 2015). Since the cannabinoid system is also
implicated in depression (Hill et al., 2009), the selective CB1

receptor antagonist rimonabant and CB2 receptor antagonist
AM630 were used. Mice were first daily infused with
rimonabant or AM630 for 3 days, then injected with
fenofibrate (100 mg·kg�1), and followed by the FST. Figure
S1A shows that neither rimonabant [ANOVA: fenofibrate,
F(1, 44) = 46.682, P < 0.05; rimonabant, F(1, 44) = 0.256,
P = 0.616] nor AM630 [ANOVA: fenofibrate, F(1,
44) = 52.957, P < 0.05; AM630, F(1, 44) = 0.334, P = 0.572]
prevented the effects of fenofibrate in the FST (n = 12). Simi-
larly. neither rimonabant [ANOVA: fenofibrate, F(1,
43) = 44.882, P < 0.05; rimonabant, F(1, 43) = 0.549,
P = 0.426] nor AM630 [ANOVA: fenofibrate, F(1,
41) = 39.585, P < 0.05; AM630, F(1, 41) = 0.879, P = 0.341]
blocked the effects of fenofibrate in the TST (n = 10–12, Figure
S1B). The open field test results show that mice in all the
groups had equal locomotor activity (n = 12, Figure S1C). Fur-
thermore, CSDS-stressed mice were co-treated with
fenofibrate (100 mg·kg�1) and rimonabant/AM630 for
14 days, and we found that both rimonabant [ANOVA for
Figure S1E: fenofibrate, F(1, 43) = 60.355, P < 0.05;
rimonabant, F(1, 43) = 0.776, P = 0.378; ANOVA for Figure
S1D: fenofibrate, F(1, 43) = 36.854, P < 0.05; rimonabant,
F(1, 43) = 1.112, P = 0.167] and AM630 [ANOVA for Figure
S1E: fenofibrate, F(1, 43) = 53.702, P < 0.05; AM630, F(1,
43) = 0.904, P = 0.312; ANOVA for Figure S1D: fenofibrate,
F(1, 43) = 29.449, P < 0.05; AM630, F(1, 43) = 1.084,
P = 0.181] did not influence the antidepressant-like effects
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Figure 4
Fenofibrate treatment reverses the CSDS-induced decrease in the hippocampal BDNF signalling pathway. (A) Our western blotting data
showed that fenofibrate treatment restored the CSDS-induced decrease in BDNF, pERK1/2, pAkt and pCREB protein levels in the hippocampus.
CSDS + fenofibrate mice displayed significantly higher expression of BDNF, pERK1/2, pAkt and pCREB in the hippocampus than in that of CSDS
+ vehicle mice. (B) Fenofibrate treatment could not reverse the CSDS-induced decrease in BDNF and pCREB expression in the mPFC. (C)
Fenofibrate treatment produced no effects on the CSDS-induced enhancement of BDNF and pCREB levels in the NAc. Data are expressed as
means � SEM (n = 5); *P < 0.05; n.s., no significance. Comparisons were made by one-way ANOVA followed by post hoc LSD test.
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Figure 5
Blockade of PPAR-α by GW6471 prevents the antidepressant effects of fenofibrate. The vehicle refers to 5% dextrose (pH 7.0) with 2.5% DMSO
and 10% Cremaphor EL (i.p.) + ACSF with 1% DMSO (i.c.v.). (A) GW6471 pretreatment before fenofibrate administration prevented the
fenofibrate-induced decrease in immobility in the FST. (B) GW6471 pretreatment also prevented the fenofibrate-induced decrease in immobility
in the TST test. (C) GW6471 did not influence the locomotor activity of mice in the open field test. (D) CSDS mice were co-injected with
fenofibrate and GW6471 for 14 days. CSDS + fenofibrate + GW6471mice displayed significantly lower sucrose preference than CSDS + fenofibrate
mice. (E) CSDS + fenofibrate + GW6471 mice also displayed significantly lower social interaction than CSDS + fenofibrate mice. Results are
expressed as means � SEM (n = 11–12); *P < 0.05; n.s., no signifcance. Comparisons were made by two-way ANOVA followed by post hoc
Bonferroni’s test.
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of fenofibrate in the social interaction test (n = 12, Figure
S1E) and sucrose preference test (n = 12, Figure S1D). These
results suggest that the antidepressant-like effects of
fenofibrate do not require the cannabinoid system.

Fenofibrate produces antidepressant-like effects
through the hippocampal BDNF signalling
pathway
To determine whether the antidepressant effects of
fenofibrate require the BDNF system, the potent pharmaco-
logical inhibitor of the BDNF receptor TrkB, K252a (Yan
et al., 2010), was applied. C57BL/6J mice were first daily in-
fused with K252a for 3 days, then treated with fenofibrate
(100 mg·kg�1), and followed by the FST or TST. While
K252a alone produced no effects in the FST or TST (n = 12),
K252a pretreatment significantly blocked the fenofibrate-
induced antidepressant-like effects in the FST [ANOVA:
fenofibrate, F(1, 44) = 17.223; K252a, F(1, 44) = 8.418; interac-
tion, F(1, 44) = 14.036; n = 12, Figure S2A] and TST [ANOVA:
fenofibrate, F(1, 44) = 19.204; K252a, F(1, 44) = 6.993; interac-
tion, F(1, 44) = 10.655; n = 12, Figure S2B]. The open field test
results showed that mice in all the groups had equal locomo-
tor activity (n = 12, Figure S2C). Moreover, CSDS-stressed
mice were co-treated with fenofibrate (100 mg·kg�1) and
K252a for 14 days, and behavioural tests were then
performed. Co-treatment K252a with fenofibrate
significantly prevented the antidepressant-like effects of
fenofibrate in the social interaction test [ANOVA: fenofibrate,
F(1, 44) = 24.117; K252a, F(1, 44) = 19.757; interaction, F(1,

44) = 26.489; n = 12, Figure S2E] and sucrose preference test
[ANOVA: fenofibrate, F(1, 44) = 15.077; K252a, F(1,
44) = 8.336; interaction, F(1, 44) = 7.671; n = 12, Figure S2D].

In a parallel series, an anti-BDNF antibody was used to spe-
cifically block the BDNF signalling pathway (Zhu et al., 2010).
Micewerefirst daily infusedwith anti-BDNFantibody for 3 days,
then treated with fenofibrate (100 mg·kg�1), and followed by
the FST or TST. It was found that infusion of the anti-BDNF an-
tibody alone enhanced the immobility of test mice in the FST
and TST (n = 11–12, P < 0.05 vs. vehicle; Figure 7A and B), con-
sistent with previous reports showing that a deficiency in BDNF
induces depressive-like behaviour in mice (Monteggia et al.,
2007). More importantly, infusion of the anti-BDNF antibody
fully abolished the antidepressant-like effects of fenofibrate in
the FST [ANOVA: fenofibrate, F(1, 44) = 14.34; anti-BDNF, F(1,
44) = 36.477; interaction, F(1, 44) = 17.903; n = 12, Figure 7A]
and TST [ANOVA: fenofibrate, F(1, 43) = 6.397; anti-BDNF,
F(1, 43) = 33.968; interaction, F(1, 43) = 14.875; n = 11–12,
Figure 7B]. The open field test results also indicate that mice in
all the groups had equal locomotor activity (n = 11–12,
Figure 7C). Moreover, CSDS-stressed mice were co-treated with
fenofibrate (100 mg·kg�1) and anti-BDNF antibody for 14 days,
and behavioural tests were then performed. As expected, infu-
sion of the anti-BDNF antibody also blocked the
antidepressant-like effects of fenofibrate in the social interaction
test [ANOVA: fenofibrate, F(1, 42) = 33.85; anti-BDNF, F(1,
42) = 15.407; interaction, F(1, 42) = 29.769; n = 11–12, Figure 7
E] and sucrose preference test [ANOVA: fenofibrate, F(1,
42) = 12.811; anti-BDNF, F(1, 42) = 4.901; interaction, F(1,
42) = 6.78; n = 11–12, Figure 7D].

Figure 6
GW6471 also prevents the effects of fenofibrate on the hippocampal BDNF signalling pathway. (A) Representative images of our western blotting
data. (B) Statistical analysis revealed that GW6471 abolished the fenofibrate-induced promotion of hippocampal BDNF and pCREB expression, as
CSDS + fenofibrate + GW6471 mice displayed significantly lower BDNF and pCREB levels in the hippocampus than CSDS + fenofibrate mice. Data
are expressed as means � SEM (n = 5); *P < 0.05; n.s., no signifcance. Comparisons were made by two-way ANOVA followed by post hoc
Bonferroni’s test.
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Figure 7
Blockade of the BDNF signalling cascade by anti-BDNF infusion abolishes the antidepressant effects of fenofibrate. The vehicle refers to 5% dex-
trose (pH 7.0) with 2.5% DMSO and 10% Cremaphor EL (i.p.) + ACSF (i.c.v.). (A) Pre-infusion of anti-BDNF antibody significantly blocked the
fenofibrate-induced decrease in immobility in the FST. (B) Pre-infusion of anti-BDNF antibody also prevented the fenofibrate-induced decrease
in immobility in the TST. (C) Anti-BDNF infusion did not influence the locomotor activity of mice in the open field test. (D) CSDS mice were co-
treated with fenofibrate and anti-BDNF antibody for 14 days. CSDS + fenofibrate + anti-BDNF mice displayed signifcantly lower sucrose prefer-
ence than CSDS + fenofibrate mice. (E) Co-treatment of fenofibrate with anti-BDNF antibody also blocked the antidepressant effects of fenofibrate
in the social interaction test. CSDS + fenofibrate + anti-BDNF mice displayed signifcantly lower social interaction than CSDS + fenofibrate mice.
Results are expressed as means � SEM (n = 11–12); *P < 0.05; n.s., no signifcance. Comparisons were made by two-way ANOVA followed by post
hoc Bonferroni’s test.
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Furthermore, we examined whether the anti-BDNF infu-
sion blocked the effects of fenofibrate on the BDNF signal-
ling cascade and adult hippocampal neurogenesis. The
immunohistochemical data are summarized in Figure 8,
and similar to the behavioural data, anti-BDNF infusion sig-
nificantly prevented the protective effects of fenofibrate on
neuronal proliferation [ANOVA: fenofibrate, F(1,
16) = 31.104; anti-BDNF, F(1, 16) = 37.101; interaction,
F(1, 16) = 31.83; n = 5, Figure 8A] and differentiation
[ANOVA: fenofibrate, F(1, 16) = 25.923; anti-BDNF, F(1,
16) = 28.418; interaction, F(1, 16) = 23.705; n = 5,
Figure 8B] in the DG. The western blotting data are summa-
rized in Figure 9, and it was found that CSDS + fenofibrate +-
anti-BDNF mice displayed significantly less BDNF [ANOVA:
fenofibrate, F(1, 16) = 13.294; anti-BDNF, F(1, 16) = 5.296;
interaction, F(1, 16) = 12.754; n = 5], pERK1/2 [ANOVA:
fenofibrate, F(1, 16) = 5.367; anti-BDNF, F(1, 16) = 5.897;
interaction, F(1, 16) = 6.366; n = 5], pAkt [ANOVA:
fenofibrate, F(1, 16) = 15.435; anti-BDNF, F(1, 16) = 5.244;
interaction, F(1, 16) = 9.352; n = 5] and pCREB [ANOVA:
fenofibrate, F(1, 16) = 10.973; anti-BDNF, F(1, 16) = 6.181;
interaction, F(1, 16) = 14.619; n = 5] expression in the hip-
pocampus than CSDS + fenofibrate mice. Collectively, these
results indicate that the BDNF signalling cascade is neces-
sary for the antidepressant effects of fenofibrate.

Discussion
The major findings of this study are as follows. Firstly,
fenofibrate has antidepressant-like effects in the FST, TST
and CSDS model. Secondly, the antidepressant-like effects of
fenofibrate require PPAR-α and the BDNF signalling cascade
in the brain.

Although fenofibrate is clinically used as a hypolipidae-
mic drug, more and more reports have been demonstrating
the effects of fenofibrate on the CNS. To the best of our
knowledge, our study is the most comprehensive study show-
ing that fenofibrate has beneficial effects against depression, a
most burdensome neuropsychiatric disease worldwide. This
finding is very interesting and exciting as it has identified a
new potential antidepressant. Our data revealed that
fenofibrate has properties common to classical antidepres-
sants in the FST and TST, two tests with high predictive valid-
ity for detecting antidepressant activities (Cryan and Holmes,
2005; Cryan and Slattery, 2007). Moreover, the reduction of
immobility in the FST and TST induced by a single injection
of fenofibrate was not paralleled by an increase in locomotor
activity of mice, suggesting that fenofibrate may have poten-
tial as a treatment for depression. The CSDS model was fur-
ther used to investigate the effects of fenofibrate. It was
found that a consecutive injection of fenofibrate for 14 days
significantly ameliorated not only the CSDS-induced social
avoidance and anhedonia but also the CSDS-induced de-
crease in the hippocampal BDNF signalling cascade and adult
hippocampal neurogenesis. The western blotting results for
mPFC and NAc samples are also interesting, indicating that
the effects of fenofibrate on the central BDNF system are
region-selective, and this needs more study. Collectively,
these findings indicate that fenofibrate could be developed
as a novel antidepressant.

Fenofibrate is identified as a selective agonist of PPAR-α,
which is a transcription factor that regulates the genes involved
in fatty acid metabolism. In this study, the most important rea-
son for assuming that fenofibrate may possess antidepressant-
like effects comes from our previous report showing that
WY14643, another agonist of PPAR-α, has antidepressant-like
effects in mice (Jiang et al., 2015b). Roy et al. (2013) reported
that PPAR-α is also widely expressed in the nuclei of hippocam-
pal neurons and controls the expression of various plasticity-
related proteins via the direct transcriptional regulation of
CREB. Moreover, it was found that simvastatin up-regulated
the hippocampal BDNF expression via the PPAR-α-mediated
transcriptional activation of CREB (Roy et al., 2015), and simva-
statin exerted antidepressant-like effects in rats exposed to
chronic mild stress (Lin et al., 2014). Thus, it is possible
that fenofibrate produces antidepressant-like effects via the
PPAR-α-mediated transcriptional activation of CREB to enhance
the hippocampal BDNF expression. In this study, the PPAR-α
inhibitor GW6471 was found to block not only the effects of
fenofibrate in the behavioural tests but also the effects of
fenofibrate on hippocampal BDNF expression, as expected.
These results are very interesting and indicate that central
PPAR-α could be a novel antidepressant target, which needs fur-
ther study. In addition, there is other evidence implying that
fenofibrate has antidepressant-like effects. Firstly, Barbiero et al.
(2014) demonstrated that fenofibrate significantly reduces the
immobility time and increases the swimming time of MPTP-
treated rats in the FST, which is direct evidence showing the po-
tential of fenofibrate as a antidepressant medication. Secondly,
Ramanan et al. (2009) reported that fenofibrate prevented the
whole-brain irradiation-induced decrease in adult hippocampal
neurogenesis by promoting the survival of newborn cells in the
DG. It is known that adult hippocampal neurogenesis is closely
involved in the pathophysiology of depression (Shelton, 2007;
Krishnan and Nestler, 2008), and our immunohistochemical
results are consistent with those of Ramanan et al. (2009). Lastly,
Ji et al. (2015) found that the activation of hippocampal PPAR-δ
(also called PPAR-β) prevented stress-induced depressive-like
behaviour and enhanced the adult hippocampal neurogenesis.
Since PPAR-α and PPAR-β share similar biological structures,
the activation of the two nuclear receptors may produce similar
effects including antidepressant-like effects.

Recently, Nickolls et al. (2015) found that fenofibrate also
acts as an agonist of the CB2 receptor and a partial agonist of
the CB1 receptor. It has been demonstrated that chronic stress
leads to widespread reductions in anandamide concentra-
tions throughout the brain, together with decreased CB1 re-
ceptor signal transduction in subcortical structures, such as
the hippocampus, while the direct pharmacological activa-
tion of the CB1 receptor produces antidepressant-like
responses in the FST (Hill et al., 2005, 2008, 2009; Jiang
et al., 2005; Bambico et al., 2007). Thus, it is possible that like
PPAR-α, the cannabinoid system also plays a role in the
antidepressant-like effects of fenofibrate. However, we found
that the cannabinoid receptor antagonists, rimonabant and
AM630, did not influence the effects of fenofibrate. One
explanation of these results may be that the partial activating
effects of fenofibrate on the CB1 receptor are not sufficient to
induce an antidepressant-like effect.

Moreover, the finding that fenofibrate could reverse the
CSDS-induced effects on the hippocampal BDNF signalling

Fenofibrate has antidepressant-like effects BJP

British Journal of Pharmacology (2017) 174 177–194 189



Figure 8
Anti-BDNF infusion prevents the neurogenic effects of fenofibrate. (A) Representative confocal microscopic images show the staining of
doublecortin (DCX; green) in the dentate granule cell layer. The scale bar is 150 μm for representative images and 50 μm for enlarged images
respectively. Density statistics show that the increased number of DCX-positive cells induced by fenofibrate was blocked by an infusion of anti-
BDNF antibody. (B) Representative microscopic images show the co-staining (yellow) of neuronal nuclei (NeuN) (green) and BrdU (red) in the
DG. The scale bar is 75 μm. Density statistics show that co-treatment with anti-BDNF antibody abolished the fenofibrate-induced effects on
the amount of NeuN+/BrdU+ cells in the DG. Data are expressed as means� SEM (n = 5); *P< 0.05; n.s., no signifcance. Comparisons were made
by two-way ANOVA followed by post hoc Bonferroni’s test.
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cascade is exciting. This study is the first to provide experi-
mental evidence showing that fenofibrate has effects on the
BDNF system. It is known that BDNF has a lot of physiologi-
cal effects in the brain, playing critical roles in learning and
memory, neurogenesis, neuronal survival and so on (Ghosh
et al., 1994; Radecki et al., 2005; Rossi et al., 2006; Lipsky
and Marini, 2007; Cunha et al., 2010). BDNF is implicated
in the pathophysiology of not only depression but also other
neurological disorders, such as Alzheimer’s disease (Budni
et al., 2015). Thus, fenofibrate may have more pharmacologi-
cal effects involving BDNF.

In addition, pharmacokinetic studies have revealed that
fenofibrate is rapidly metabolized to fenofibric acid in vivo,
which is responsible for the majority of its clinical effects
(Strain et al., 2010). Fenofibric acid can also activate the
PPAR-α. Therefore, the antidepressant-like effects of
fenofibrate observed in our study may actually be due to
fenofibric acid, and this needs to be investigated further.

Collectively, the results of this study reveal that
fenofibrate induces antidepressant-like effects in mice via
the PPAR-α-mediated promotion of the hippocampal BDNF
signalling pathway, providing a new insight into understand-
ing the pharmacological effects of fenofibrate and shedding
light on the development of new antidepressants with higher
efficacy and fewer side effects.
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Figure S1 The antidepressant-like actions of fenofibrate
occur independent of the cannabinoid system. The vehicle
refers to 5% dextrose (pH 7.0) with 2.5% DMSO and 10%
Cremaphor EL (i.p.) + ACSF with 1% DMSO (i.c.v.). (A)
Blocking cannabinoid system with rimonabant/AM630 had
no influence on the antidepressant-like effects of fenofibrate
in the FST. (B) Rimonabant/AM630 pretreatment could not
eliminate the antidepressant-like effects of fenofibrate in the
TST. (C) Rimonabant and AM630 did not influence the
locomotor activity of mice in the open field test. (D) Co-treat-
ment fenofibrate with rimonabant/AM630 did not block the
effects of fenofibrate in the sucrose preference test, since
CSDS + fenofibrate + rimonabant/AM630 mice had as much
sucrose consumption as CSDS + fenofibrate mice. (E) Also,
in the social interaction test, CSDS + fenofibrate +
rimonabant/AM630 mice did not differ significantly from
CSDS + fenofibrate mice. Results are expressed as means � S.
E.M. (n = 10–12); **P< 0.01; n.s., no signifcance. Comparison
was made by two-way ANOVA followed by post hoc
Bonferroni’s test.
Figure S2 Blockade of BDNF signalling cascade by K252a
prevents the antidepressant actions of fenofibrate. The vehi-
cle refers to 5% dextrose (pH 7.0) with 2.5% DMSO and
10% Cremaphor EL (i.p.) + ACSF with 1% DMSO (i.c.v.). (A)
K252a pretreatment before fenofibrate administration
prevented the fenofibrate-induced decrease of immobility in
the FST test. (B) K252a pretreatment also prevented the
fenofibrate-induced decrease of immobility in the TST test.
(C) K252a did not influence the locomotor activity of mice
in the open field test. (D) CSDS mice were co-injected with
fenofibrate and K252a for 14 days. CSDS + fenofibrate +
K252a mice displayed significantly lower sucrose preference
than CSDS + fenofibrate mice. (E) Co-treatment fenofibrate
with K252a also blocked the effects of fenofibrate in the social
interaction test. CSDS + fenofibrate + K252a mice displayed
significantly lower social interaction than CSDS + fenofibrate
mice. Results are expressed as means � S.E.M. (n = 12);
*P < 0.05; **P < 0.01; n.s., no signifcance. Comparison was
made by two-way ANOVA followed by post hoc Bonferroni’s
test.
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